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The potential impact of future quantum networks hinges on high-quality quantum entanglement
shared between network nodes. Unavoidable real-world imperfections necessitate means to improve
remote entanglement by local quantum operations. Here we realize entanglement distillation on
a quantum network primitive of distant electron-nuclear two-qubit nodes. We demonstrate the
heralded generation of two copies of a remote entangled state through single-photon-mediated en-
tangling of the electrons and robust storage in the nuclear spins. After applying local two-qubit
gates, single-shot measurements herald the distillation of an entangled state with increased fidelity
that is available for further use. In addition, this distillation protocol significantly speeds up entan-
glement generation compared to previous two-photon-mediated schemes. The key combination of
generating, storing and processing entangled states demonstrated here opens the door to exploring
and utilizing multi-particle entanglement on an extended quantum network.
Future quantum networks connecting nodes of long-
lived stationary qubits through photonic channels may
enable secure communication, quantum computation and
simulation, and enhanced metrology [1–9]. The power
of these applications fundamentally derives from quan-
tum entanglement shared between the network nodes.
The key experimental challenge is therefore to establish
high-quality remote entanglement in the presence of un-
avoidable errors such as decoherence, photon loss and
imperfect quantum control. Remarkably, by only using
classical communication and local quantum operations, a
high-fidelity remote entangled state can be distilled from
several lower-fidelity copies [10, 11] (Fig. 1A). Success
of this intrinsically probabilistic distillation can be non-
destructively heralded by measurement outcomes such
that the distilled state is available for further use, a crit-
ical requirement for scalable networks. Owing to these
unique features, entanglement distillation, also known as
purification, has become a central building block of quan-
tum network proposals [6–9, 12, 13].
GENERATION AND DISTILLATION OF
REMOTE ENTANGLED STATES
To run entanglement distillation on a quantum net-
work, several copies of a raw entangled state must first
be shared between the nodes. This can be achieved us-
ing a network primitive of two nodes with two qubits
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each: a communication qubit with an optical interface
for generating remote entanglement and a memory qubit
for storage (Fig. 1B). First the communication qubits run
the entangling protocol, which due to photon loss is in-
trinsically probabilistic. After photon detection heralds
the generation of a raw entangled state on the commu-
nication qubits, this state is swapped onto the memory
qubits. The communication qubits are then used to gen-
erate a second raw entangled state. At this point, the
network nodes share two nominally identical copies of
the raw state, from which an entangled state of higher
fidelity can be distilled. This protocol thus exploits the
combination of heralded generation of remote entangle-
ment with robust quantum state storage, high-fidelity
quantum logic gates and non-demolition qubit readout
within each node.
These demanding experimental requirements have so
far limited the exploration of distillation on entangled
qubits to four ions within a single node [14] and to all-
photonic protocols without memories in which the dis-
tilled state was unavoidably lost upon success [15–17].
As an important step towards the desired quantum net-
work, heralded entanglement between distant stationary
qubits has recently been achieved with ions, atoms, NVs,
quantum dots and superconducting qubits [18–23]. How-
ever, the potential memory qubits investigated so far in
conjunction with these protocols [24, 25] suffered from
rapid dephasing during remote entangling attempts due
to unwanted couplings, thus precluding the generation of
multiple remote entangled states as required for distilla-
tion.
We realize the distillation of entangled states on an
elementary quantum network consisting of a pair of
two-qubit solid-state nodes separated by two meters
(Fig. 1B). We achieve this result by implementing a
single-photon-based entangling protocol using diamond
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2FIG. 1. Entanglement distillation on a quantum network. (A) Working principle: a remote entangled state of higher
quality (right) is distilled via local operations and classical communication from several lower-quality states (left) that are shared
between remote qubits (depicted as colored spins). (B) Protocol overview. Each network node consists of a communication
qubit (purple) and a memory qubit (yellow). First, the communication qubits are prepared in a remote entangled state by
generating entanglement between a photon (red wave packet) and the spin, interfering the optical modes on a beam splitter (gray
cube) and subsequently detecting a single photon ¬. Next, the remote entangled state (purple waves represent entanglement) is
swapped onto the memory qubits ­, followed by another round of entangled state generation ®. Finally, local operations (black
circuit) distill a state of higher fidelity ¯. (C) Gate circuit implementing steps ¬-¯. We include the photonic modes of each
setup (red wave packets) in which a qubit is encoded such that vacuum and a single photon represent |0〉 and |1〉 respectively.
Entanglement between the electron spin and photonic mode is experimentally realized by an optical pi-pulse (depicted as CNOT
symbol). The photonic Bell-state projection |Ψ±〉〈Ψ±| is probabilistically realized by a beam splitter and subsequent detection
of a single photon. Dashed-bordered gates indicate phase-shifts of the memory due to free evolution during entangling attempts.
Colored boxes indicate logical blocks of the circuit and are used throughout the manuscript.
3electron-spin qubits (communication qubits) while capi-
talizing on recent progress on quantum control [26] and
robust state storage [27] in nuclear-spin-based quantum
memories. Real-time feedback is implemented to com-
pensate memory qubit phase-shifts induced by the prob-
abilistic nature of the remote entangling protocol. As
an immediate advantage, the demonstrated protocol dis-
tinctly increases the efficiency of entanglement genera-
tion compared to the standard two-photon-coincidence
protocols used in earlier works [25, 28], while removing
the optical path-length dependence of stand-alone prob-
abilistic single-photon protocols [22, 29]. More generally,
by demonstrating the key capabilities for a quantum net-
work in a single experiment, we realize a universal back-
bone that opens the door to extended quantum networks
powered by high-quality remote quantum entanglement.
QUANTUM NETWORK NODES
Our implementation of a quantum network node em-
ploys a nitrogen-vacancy (NV) electron spin in diamond
as a communication qubit and a nearby carbon-13 nu-
clear spin as a memory qubit. The diamond chips hold-
ing these qubits reside in individual closed-cycle cryostats
(T = 4 K) that are separated by two meters [30].
The electron spin state is manipulated using amplitude-
shaped microwave pulses. Electron spin decoherence oc-
curs on timescales exceeding a millisecond and has negli-
gible impact on the presented results. Spin-selective reso-
nant optical excitation enables high-fidelity initialization
and single-shot non-demolition read-out of the electron
spin [31], as well as generation of spin-photon entangle-
ment for connecting distant nodes [20]. We employ nu-
clear spins with intrinsic dephasing times T ∗2 of 3.4(1) ms
and 16.2(3) ms for node A and B, respectively [30]. We
implement universal control on each of these nuclear spin
qubits by exploiting its hyperfine coupling to the electron
spin through recently developed dynamical-decoupling-
based gate sequences [32]. This complete quantum tool-
box enables the implementation of all four steps in the
distillation protocol.
Fig. 1C shows the compilation of the full gate cir-
cuit into the quantum control operations of our platform.
This compilation maximizes the repetition rate and min-
imizes the number of local quantum gates following the
generation of the first remote state. In particular, by ini-
tializing the memory qubit at the start of the protocol
we are able to implement the SWAP operation with just
two conditional quantum gates instead of the three that
would be required for arbitrary input states [30]. Note
that our SWAP implementation maps the communica-
tion qubit energy eigenstates onto memory superposition
states | ±X〉 ≡ (|0〉 ± |1〉)/√2.
To benchmark the performance of the local quantum
logic we execute a combination of the SWAP (yellow box
in Fig. 1C) and the gates of the distillation step (purple
box in Fig. 1C) to generate a maximally-entangled Bell-
state between the communication and memory qubits
(see Fig. 2A). The full density matrix of the resulting
two-qubit state is reconstructed via quantum state to-
mography (QST, see ref. [30] for further details). We find
a fidelity with the ideal Bell state of 0.96(1) (0.98(1)) for
node A (B) indicating high-quality operations in both
nodes (Fig. 2B).
FIG. 2. Benchmarking local control. (A) Gate circuit
for entanglement generation within one node. All local oper-
ations of the purification circuit are employed to generate a
entangled state between communication and memory qubit.
Color coding of local operations corresponds to Fig. 1C. (B)
Absolute value of the real part of the local density matrix
obtained via sequential QST [30]. We find fidelities with the
desired entangled state of 0.96(1) (node A) and 0.98(1) (node
B). Transparent bars give the values of the ideal state.
ROBUST STORAGE OF QUANTUM
INFORMATION
A critical capability for the network nodes is the ro-
bust storage of quantum information in the memories
while the communication qubits are used to generate re-
mote entangled states. This requires the memory qubits
to have long coherence times and be resilient to oper-
ations on the communication qubit. The generation of
remote entanglement, in particular, poses two challenges
as its probabilistic nature means that an a priori un-
known number of attempts is required.
First, each failed entangling attempt leaves the com-
4munication qubits in an unknown state which necessi-
tates a reset by optical pumping. This reset is a stochas-
tic process which, in combination with the always-on hy-
perfine interaction between communication and memory
qubit, causes dephasing of stored memory states [27, 33].
Here we employ memories with a small parallel hyperfine
coupling so that the precession frequency of these memo-
ries exhibits only a weak dependency ∆ω on the state of
the communication qubit during the repumping process
of a few hundred nanoseconds (∆ωA = 2pi · 22.4(1) kHz
and ∆ωB = 2pi · 26.6(1) kHz). Decoherence via the per-
pendicular hyperfine component is suppressed by an ap-
plied magnetic field of about 40 mT. Second, the inter-
action between communication and memory qubit leads
to a deterministic phase-shift ϕA/B on the memory per
entangling attempt. Since it is unknown which entan-
gling attempt will herald success, real-time feedback on
the memory is required to compensate for these phase-
shifts before the final two-qubit gate of Fig. 1C is applied.
In addition, the feedback must preserve the coherence of
the communication qubit as it holds the second copy of
the raw entangled state. We realize such real-time feed-
back through dynamical decoupling of the electron spin
synced with the nuclear spin precession frequency that
induces an electron-state-independent phase gate on the
memory [32]. At each node, the number of entangling
attempts until success N is tracked by a microproces-
sor that terminates the subsequent decoupling sequence
when the desired rotation Rz(ϕA/B)
N has been applied.
Ideally, this leaves the memory with the desired phase
relation regardless of the number of entangling attempts.
We calibrate and verify this feedback at each node sepa-
rately (see Fig. 3A and Fig. 3B) and measure a negligible
effect on the memory state fidelity while the state of the
communication qubit is preserved as desired.
With this feedback realized, we investigate the robust-
ness of the memory as a function of the elapsed entan-
gling attempts. We initialize the memory in one of the
six cardinal states of the Bloch sphere (|0〉,|1〉,| ±X〉 and
| ± Y〉 ≡ (|0〉 ± i|1〉)/√2), execute a number of entan-
gling attempts followed by phase-feedback and measure
the relevant memory expectation value (see Fig. 3C). We
observe that dephasing-sensitive states |±X〉, |±Y〉 decay
with 1/e-values of 273(5) (272(4)) entangling attempts in
node A (node B) whereas the energy eigenstates |0〉, |1〉
are preserved with high fidelity as expected. The mem-
ories thus provide faithful storage during remote entan-
gling attempts.
EXPERIMENTAL ENTANGLEMENT
DISTILLATION
With local control and storage in place, we now turn
towards the execution of the full distillation protocol.
Following Ref. [34], we generate the remote states that
provide the resources for distillation by first initializing
both communication qubits in a superposition with vari-
FIG. 3. Quantum state storage during entangling op-
erations. (A) Real-time feedback circuit for memory qubits.
We initialize memory A/B, which then experiences a phase-
shift of ϕA/B per executed entangling attempt. After reini-
tialization of the communication qubit, the distillation step
of the protocol is performed (Fig. 1C). Blue-rimmed gate
indicates the feedback. (B) Memory state as a function of
the number of entangling attempts. The oscillation observed
without feedback (orange) is successfully compensated (blue)
by the feedback. Solid lines are fits to the data. (C) Mem-
ory lifetime of node A (triangles) and node B (circles). We
initialize the memory in one of the six cardinal states of the
Bloch sphere (see right panel, where all non-relevant expec-
tation values are assumed to be zero), sweep the number of
entangling attempts, apply feedback, and read-out the rele-
vant expectation value. The average state fidelities are sepa-
rately plotted for phase-sensitive superposition states (blue)
and phase-insensitive eigenstates (green). Blue solid lines de-
pict a generalized exponential fit [30]. The decay is limited
by the stochastic repumping process, microwave pulse errors
and/or environmental dephasing. The color gradient of the
left and right panel match to facilitate comparisons. Error
bars represent one standard deviation.
able angle θ, |θ〉 ≡ sin θ|0〉 − i cos θ|1〉. Subsequent opti-
cal excitation for state |0〉 and overlap of the emission of
both communication qubits on a beam splitter (see steps
51 and 3 of Fig. 1C) generates the raw remote state ρraw
if a single photon is detected [34]. For equal and small
detection probabilities for both nodes and negligible dark
counts, ρraw reads:
ρraw =
(
1− sin2 θ) |Ψ±φ 〉〈Ψ±φ |+ sin2 θ |0, 0〉〈0, 0|. (1)
The states |Ψ±φ 〉 ≡ (|01〉 ± eiφ|10〉)/
√
2 are entangled
states, with a relative phase depending on which detec-
tor clicked (±) and an additional internal phase φ due
to the unknown path length between both emitters and
the beam splitter. The fraction of the non-entangled ad-
mixture |0, 0〉〈0, 0| can be directly controlled through the
choice of the initial communication qubit state |θ〉; note
that the choice of |θ〉 also affects the probability of suc-
cessful entanglement generation (scaling as sin2 θ). We
next swap the raw state onto the memories such that the
communication qubit is free for another round of remote
state generation (step 2 in Fig. 1C). Once a second state
is successfully generated (step 3), we apply a conditional
quantum gate within each node and read out the commu-
nication qubits in a single shot. Owing to the quantum
non-demolition nature of this readout the memory qubits
do not experience additional dephasing during this step
[31]. Readout of the communication qubit projects the
memories into one of four states depending on the read-
out results [30]:
(0A, 0B) :
1
2 cos
4 θ U |Ψ±0 〉〈Ψ±0 |U†,
(0A, 1B) :
1
2 sin
2 θ cos2 θ U(|0, 1〉〈0, 1|+ |1, 1〉〈1, 1|)U†,
(1A, 0B) :
1
2 sin
2 θ cos2 θ U(|1, 0〉〈1, 0|+ |1, 1〉〈1, 1|)U†,
(1A, 1B) : U
(
sin4 θ|1, 1〉〈1, 1|+ 12 cos4 θ|Ψ±2φ〉〈Ψ±2φ|
)
U†.
Here the states are left unnormalized; their traces in-
dicate their probabilities of occurrence. The unitary U
corresponds to a Hadamard gate on each memory that
arises from the swapping operation in each node. Obser-
vation of the readout combination (0A,0B) heralds suc-
cessful distillation and leaves the system in the state
|ψ〉c ⊗ |ψ〉m = eiφ|0, 0〉 ⊗ U |Ψ±0 〉 (2)
with the relative phase of the final Bell state given by the
photon detection signature, i.e. the photons in step 1 and
3 were detected in the same (+) or in different (-) output
ports. Importantly, the protocol is agnostic to correlated
dephasing of the raw states and is therefore only sensitive
to optical path length drifts that occur within an indi-
vidual run of the protocol [34]. This is in stark contrast
to probabilistic single-photon protocols [22, 23, 29, 35]
that require path length stabilization over the full course
of data acquisition.
The experimental implementation of entanglement
generation requires that the communication qubits’ opti-
cal transitions are kept on resonance despite shot-to-shot
fluctuations and long-term drifts of the respective local
charge environments. We employ an automatic feed-
back loop and resonance search routine to compensate
for charge jumps such that the experiment is push-button
and runs without human intervention. To further opti-
mize the data rate we bound the number of remote entan-
gling attempts to 1000 for step 1 and up to 500 rounds for
step 3, leading to event rates (i.e. two remote states were
successfully generated) of around 10 Hz. These bounds
are a compromise between maximizing the success prob-
ability (favoring more attempts) and minimizing effects
of drifts and of memory decoherence (favoring fewer at-
tempts).
DISTILLATION RESULTS
We start by running the complete protocol using θ =
pi/6 and perform full quantum state tomography on the
distilled state. This way, using the complete information
obtained on the resulting output, we can verify whether
the protocol works as desired. Fig. 4A shows the result-
ing data for a maximum of 50 entangling attempts in
the second round of state generation. This truncation
yields optimal state storage during each run of the pro-
tocol [30]. Quantitatively, the measured fidelity with the
ideal Bell state of 0.65(3) > 0.5 proves entanglement of
the distilled state. Furthermore, the density matrix has
high populations in the Bell-state-subspace only, showing
that the distillation successfully diminishes the separable
admixture.
To gain further insight into the performance of the
protocol we measure the fidelity of the distilled state for
different amounts of the separable admixture in the raw
states; i.e. for different θ (see Fig. 4B, blue dots). The
results are again truncated after a maximum of 50 entan-
gling attempts in the second round. The state fidelities
are averaged over both detection signatures.
The hallmark of successful distillation is an increase
in fidelity of the distilled state compared to that of the
raw states. Whereas in the textbook description both
raw states are assumed to be equal, in our experiment
they are different due to imperfections in the swap oper-
ation and memory storage that only affect the raw state
held by the memories, and path length variations on short
timescales that only affect the raw state held by the com-
munication qubits. To make a meaningful comparison we
therefore consider the state fidelities of each of these raw
states separately.
Because of the unreferenced internal phase of the raw
states, all coherences are washed out due to optical path
length variations. Direct tomography will therefore yield
state fidelities that cannot surpass 0.5. As a result, the
measured fidelities of the distilled states far exceed the
electron state fidelities measured after step 1 (Fig. 4B,
orange dots). Although these numbers reflect the cur-
rent experiment, we now turn to a more strict compari-
son by taking into account that the internal phase may
6FIG. 4. Experimental realization of entanglement pu-
rification. (A) Two-qubit density matrices for θ = pi/6 and
a maximum of 50 entangling attempts in the second round.
Right panel: different detectors clicked. Left panel: the same
detector clicked twice. We find a fidelity with the ideal state of
0.65(3) for both states. Transparent bars represent the ideal
state. (B) Fidelity with the ideal state as a function of θ for
a maximum of 50 entangling attempts in the second round.
Blue data is the two-memory state fidelity. Dashed lines are
derived from our model [30]. Purple data is the measured
raw state fidelity on the communication qubits. Solid orange
(purple) line is the modeled fidelity of the raw state on the
memories (communication qubits) that would be obtained if
the initial internal phase was known. The memory state is
calculated for the average number of entangling attempts un-
til success (25). The orange shaded region is the modeled
memory fidelity for minimal (0 attempts) and maximal (50
attempts) dephasing. Fidelities were obtained by measuring
the expectation values 〈XˆXˆ〉, 〈Yˆ Yˆ 〉 and 〈ZˆZˆ〉. We denote the
Pauli operators as Xˆ, Yˆ and Zˆ. (C) State decay for θ = pi/6.
Data are binned according to the number of second entangle-
ment generation attempts until success. Shown are the state
fidelity (blue) and the absolute value of the relevant expecta-
tion values. The dashed lines are derived from our theoretical
model [30]. Error bars represent one standard deviation.
become accessible in future experiments through optical
path stabilization.
We model the raw state fidelities at the start of the
distillation step (step 4) using independently determined
parameters under the assumption of a perfectly known
initial path length difference (Fig. 4B, solid purple line
for raw state on the electrons and solid orange line for
raw state on the nuclei) [30]. For small values of θ (small
separable admixtures) the fidelity increase due to distil-
lation is offset by the errors introduced with the addi-
tional quantum operations of the distillation step. How-
ever, we find that for larger values of θ the distilled state
fidelity significantly surpasses both of the raw state fi-
delities (see [30] for hypothesis test). This result demon-
strates the realization of entanglement distillation on our
elementary quantum network.
For a more detailed understanding of the different er-
ror sources contributing to the measured fidelity, we de-
velop an extensive model of the full protocol using inde-
pendently measured quantities and two free parameters:
one factor accounting for additional memory control er-
rors and the second for phase fluctuations of the raw
states [30]. We find good agreement between the modeled
fidelity and the data for each of the different separable
admixtures (see Fig. 4B blue dashed line and [30]) and for
the evolution of the correlations with number of entan-
gling attempts (Fig. 4C). The model indicates that the
state fidelities are mainly limited by memory qubit de-
phasing and control errors as well as non-zero two-photon
distinguishability. The latter effect, quantified by a mea-
sured two-photon interference visibility of 0.73(3) [30], is
especially harmful in the above comparison with the raw
state, as this occurs twice for the distillation protocol but
only once for the raw state generation. A visibility of 0.9
as observed on different NV center pairs [28] would thus
yield an even stronger entanglement enhancement.
EBIT RATE
Previously demonstrated entangling protocols based
on two-photon coincidences [25, 28] require steps 1 and
3 to succeed in subsequent attempts leading to a success
probability scaling with the square of the photon detec-
tion probability pdet. In contrast, the distillation pro-
tocol allows step 3 to succeed in one of many attempts
following success in step 1, leading to a success probabil-
ity scaling linearly with pdet in the ideal case. Given that
in a typical quantum network setting pdet will be small
(in our case pdet ≈ 10−3), the distillation protocol can
provide a distinct rate advantage despite the overhead of
the additional local quantum logic.
To quantitatively compare our results with two-
photon-coincidence protocols we upper bound the rate
r of entangled bit (ebit) generation for each protocol us-
ing r = νEN with the logarithmic negativity EN and
the rate of success ν. Fig. 5 compares the ebit rate of
the presented distillation protocol to the modeled rate
7FIG. 5. Ebit rate comparison. Ebit rate as a function
of excitation angle θ. The blue data is derived from the
measured success rates and state fidelity over the entire data
set [30]. The blue dashed line is the estimated ebit rate for
distillation including the overhead of local operations. The
solid (dashed) orange line gives the estimated ebit rate of a
standard two-photon protocol including (excluding) imperfec-
tions. All data are averaged over both detection signatures.
Error bars represent one standard deviation.
of the Barrett-Kok two-photon-coincidence protocol [36]
used in earlier experiments on NV centers [20, 28]. We
find that the distillation protocol (blue dots) outperforms
the two-photon-coincidence protocol for identical exper-
imental conditions, not only when assuming the mea-
sured two-photon indistinguishability (orange solid line)
but even for the case that the two-photon-coincidence
protocol would be able to access perfect two-photon in-
distinguishability (orange dashed line).
CONCLUSION AND OUTLOOK
The combination of generating, storing and processing
remote entangled qubits as demonstrated in the current
distillation experiment provides a universal primitive for
realizing extended quantum networks. The distillation
itself is a powerful method to counteract unavoidable de-
coherence as entanglement is distributed throughout the
network. Also, the protocol enables a speedup of en-
tanglement generation that can be harnessed in related
platforms such as other solid-state defect centers [37]
and trapped ions [38]. Future improvements can be
achieved by encoding qubits into decoherence-protected
subspaces [27], by using isotopically purified materials
with longer qubit dephasing times [39–41], by implement-
ing a faster reset or a measurement-based reset of the
communication qubit and by increasing the entangling
rates through photonic cavities [42, 43]. Furthermore, the
techniques employed in recent demonstrations of multi-
qubit control and quantum error correction on a 4-qubit
node [26, 44] are fully compatible with the current ex-
periment, thus highlighting the potential for scaling to
more qubits and extending network functionality in the
near future. Finally, the methods developed here open
the door to exploration and utilization of many-particle
entanglement on a multi-node quantum network.
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